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INTRODUCTION 
To restate t h e  two major aims of t h i s  program, i t  was intended:  
t o  s tudy  oxide d ispersed  a l l o y s  t o  e s t a b l i s h  t h e  mechanisms of s t r eng then ing ,  (1) 
t o  examine t h e  modes of deformation and f r a c t u r e ,  and t o  examine new o r  d i f f e r e n t  
process ing  techniques whereby s t r u c t u r e s  could be improved, s t a b i l i t y  enhanced, and 
process ing  s t e p s  made s impler  and more r e a d i l y  c o n t r o l l a b l e ;  
(2) 
o r  s p l a t  cooled p a r t i c l e s  as a b a s i s  f o r  t h e  development of improved o r  new a l l o y  
systems. 
t o  undertake s t u d i e s  t o  determine t h e  p o t e n t i a l  of r a p i d l y  quenched, atomized 
During t h e  l a t te r  h a l f  of 1967 and t h e  e a r l y  p a r t  of 1968, a number of s t u d i e s  
which had been i n i t i a t e d  about t h r e e  yea r s  earlier reached a s t a g e  where they  can 
be considered as complete i tems of research.  One Sc. D. t h e s i s  has  been submitted 
and approved, and a second w i l l  have been approved i n  February,  1968. The r e s u l t s  
of t h e s e  s t u d i e s  w i l l  be summarized below, and conclusions based on t h e s e  s t u d i e s  
w i l l  b e  l i s t e d  i n  each category.  
I n  a d d i t i o n ,  a l l  of t h e  o t h e r  research  programs have advanced i n  important 
ways so t h a t  f a i r l y  ex tens ive  d a t a  a r e  now a v a i l a b l e  t o  show t r e n d s  and poss ib ly  
t o  permit  pre l iminary  conclusions.  
This  r e p o r t  i s  concerned pr imar i ly  wi th  t h e  r e s u l t s  achieved dur ing  t h e  l as t  
s i x  months of 1967; p re l iminary  r e s u l t s  which were repor ted  i n  t h e  semiannual r e p o r t  
through June 1967 w i l l  not  be repeated . 
'I. ALLOY STRENGTHENING BY FINE PARTICLE DISPERSION 
A. Oxide Dispersed Iron-Re0 Alloys 
A d o c t o r a l  t h e s i s  has  been accepted covering t h e  work on t h i s ' a l l o y  system, 
s i g n i f y i n g  e s s e n t i a l l y  t h a t  a u n i t  of work has  been compleidd and i s  deserv ing  of 
I .  
p u b l i c a t i o n  cons ide ra t ion .  
By way of a b r i e f  review, a series of -325 mesh a l l o y  powders of i nc reas ing  
B e  conten t  i n  Fe w a s  i n t e r n a l l y  oxidized a t  800°C; t h e  powders w e r e  hydrogen reduced, 
compacted, and extruded i n t o  b a r  stock. The r e s u l t a n t  bery l l ium oxide  con ten t s  w e r e  
about 0.75, 3, and 6 volume percent  BeO. A f o u r t h  a l l o y  was subjec ted  t o  ex tens ive  
a t t r i t o r  gr inding ,  r e s u l t i n g  i n  sub-micron t h i c k  f l a k e s ,  which were s u r f a c e  oxid ized  
t o  produce a t h i n  l a y e r  of Be0 on each powder f l a k e ;  t h e  i r o n  oxide on t h e s e  f l a k e s  
w a s  hydrogen reduced, t h e  powders were compacted i n  a mild s teel  can,  and were then  
extruded t o  produce an a l l o y  of i r o n  with a s m a l l  but  s i g n i f i c a n t  amount of bery l l ium 
i n  s o l i d  s o l u t i o n ,  and conta in ing  approximately 2 .5  percent  BeO. 
Of p a r t i c u l a r  importance, t h e  powder used t o  produce t h e  t h r e e  volume pe rcen t  
Be0 a l l o y  w a s  s p l i t  i n t o  two s e c t i o n s  a f t e r  i n t e r n a l  ox ida t ion ;  one ba tch  w a s  
extruded i n  t h e  f e r r i t i c  temperature range,  and t h e  second w a s  extruded i n  t h e  
a u s t e n i t i c  temperature  range. 
have both  a d i f f e r e n t  g r a i n  s i z e  and be f u l l y  r e c r y s t a l l i z e d  as a r e s u l t  of cool ing  
through t h e  t ransformat ion  temperature.  
It w a s  expected t h a t  t h e  a u s t e n i t i c  e x t r u s i o n  would 
F igure  1 shows t h e  l o g  s t r e s s  versus  log  rup tu re  t i m e  p l o t s  f o r  a l l  of t h e  
Fe-Be0 a l l o y s ,  t e s t e d  i n  t h e  as-extruded cond i t ion ,  a t  a test temperature  of 1200°F. 
Alloy E wi th  only 0.75% Be0 shows a r e l a t i v e l y  s t e e p  s lope .  
Be0 show e x c e l l e n t  f l a t  s lopes ;  B was extruded i n  t h e  f e r r i t i c  temperature  range,  and 
C w a s  extruded i n  t h e  a u s t e n i t i c  tempzrature range. It w i l l  be  observed t h a t  whi le  
both curves  are q u i t e  p a r a l l e l ,  t h e  f e r r i t i c  ex t rus ion  is s t ronge r  a t  a l l  stresses 
than  t h e  a u s t e n i t i c  ex t rus ion .  
cons iderably  s t ronge r  than B and C ,  and show t h e  des i r ed  f l a t  s lopes  i n  t h e  stress 
vs. r u p t u r e  t i m e  p l o t .  
Al loys B and C w i th  3% 
A l l o y s  F and J ,  both conta in ing  about 6% B e O ,  are 
Alloy L ,  which con ta ins  a s m a l l  amount of bery l l ium i n  s o l i d  
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. s o l u t i o n ,  has  2.5% B e O ;  i t  i s  very much s t ronge r  i n  sho r t - t ime  tests than  t h e  o t h e r  
a l l o y s ,  bu t  seems incapable  of maintaining t h i s  s t r e n g t h  i n  long t i m e  tests. 
r e l a t i v e l y  r ap id  decrease  i n  load car ry ing  capac i ty  of t h i s  a l l o y  i s  n o t  understood 
as of now. 
The 
Figure  2 i s  p a r t i c u l a r l y  i n t e r e s t i n g .  It i s  a p l o t  of log  stress ve r sus  log  
r u p t u r e  time f o r  t h e  B and C a l l o y s ,  conta in ing  3 volume percent  BeO.  
t h e  a lpha  ex t rus ion  and shows t h e  h ighes t  s t r e n g t h  va lues .  
ex t rus ion ,  l i e s  p a r a l l e l  t o  t h e  B curve b u t  d i sp l aced  from it  by about 2000 p s i .  
Curve B i s  
Curve C ,  t h e  gamma 
a) I f  one now t akes  t h e  f e r r i t i c  ex t rus ion ,  B,  and r e h e a t s  i t  t o  1720°F i n  
t h e  gamma range,  f o r  about one hour ,  t h e  r e s u l t a n t  t e s t  p o i n t s  f a l l  on t h e  same curve 
as t h a t  occupied by a l l o y  C ,  t h e  gamma ex t rus ion .  Heating of t h e  B material i n t o  t h e  
a u s t e n i t i c  range has  r e s u l t e d  i n  a s i g n i f i c a n t  decrease  i n  s t r e n g t h .  
b) I f  one t akes  t h e  gamma ext rus ion ,  C ,  and s u b j e c t s  i t  t o  a second exposure 
i n  t h e  gamma range a t  1720°p, t h e  rupture  l i f e  curve now f a l l s  t o  a new lower p o s i t i o n ;  
see curve C(T). 
c) S imi l a r ly ,  i f  one t akes  the a lpha  ex t rus ion ,  B, and co ld  works i t  a t  room 
temperature  by 28% reduct ion  of a rea ,  and h e a t s  i t  i n  t h e  gamma range t o  1720"F, 
t h e s e  va lues  a l s o  f a l l  on t h e  same curve as t h e  C(T) cond i t ion ,  a f u r t h e r  weakening. 
d) F i n a l l y ,  i f  one t a k e s  t h e  gamma ex t rus ion ,  C,  cold works it a t  room t e m -  
p e r a t u r e  by 15% reduc t ion  of area, and r e h e a t s  it t o  1720°F i n  t h e  gamma range,  t h e  
p r o p e r t i e s  f a l l  t o  t h e  lowest recorded va lues ;  see curve CS(T). 
It i s  clear t h a t  t h e  f e r r i t i c  ex t rus ion  i s  t h e  s t r o n g e s t  of t h e  group; exposure 
of t h e  B a l l o y ,  o r  re-exposure of the C a l l o y  above t h e  t ransformat inn  temperature  
r e s u l t s  i n  a s i g n i f i c a n t  l o s s  of s t rength .  
o r  C a l l o y  a t  room temperature ,  followed by exposure a t  1720°F i n  t h e  gamma range,  
r e s u l t s  i n  f u r t h e r  l o s s e s  of s t rength .  
has  r e s u l t e d  i n  weakening of t he  as-extruded product .  
I n  p a r t i c u l a r ,  co ld  work of e i t h e r  t h e  B 
I n  a l l  t h e s e  i n s t a n c e s ,  r e c r y s t a l l i z a t i o n  
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Equally important  and i n t e r e s t i n g  is t h e  ve ry  f l a t  s l o p e  of a l l  of t h e  curves ,  
even a f t e r  r e c r y s t a l l i z a t i o n ,  i n  t h e  l o g  stress - l og  r u p t u r e  t i m e  p l o t .  Thus, whi le  
t h e  s t r e n g t h  l e v e l s  are decreased,  t h e  a l l o y s  cont inue  t o  show l a r g e  iinproveinents i n  
long l i f e  tests compared t o  convent ional ly  s t rengthened  a l l o y s ,  a c h a r a c t e r i s t i c  of 
ox ide  d ispersed  a l l o y s .  
c l ea r - cu t  explana t ion  had not  been ava i l ab le .  
This  same behavior has  been observed i n  t h e  p a s t ,  bu t  a 
Examination of t h e  mic ros t ruc tu res  of t h e s e  a l l o y s  reveals t h a t  t h e  a l l o y s  a l l  
have d i s c r e t e  s t r i n g e r s  of Be0 par t ic les ;  t h e  styiiiigers r e s u l t  from p r e f e r e n t i a l  
g r a i n  boundary ox ida t ion  dc r ing  i n t e r n a l  ox ida t ion .  The material  i n  between t h e  
prominent oxide s t r i n g e r s  
i s o l a t e d ,  uniformly d i spe r sed  oxides .  These oxide p a r t i c l e s  have t h e  capac i ty  t o  p i n  
g r a i n  boundaries  such t h a t  t h e  boundaries tend t o  be  square  s ided  i n s t e a d  of being 
of u sua l  polygonal shapes.  
has  va r ious  degrees of oxide s t r i n g e r i n g ,  inc luding  many 
The d i s t r i b u t i o n  of t h e  Be0 p a r t i c l e s  i s  such t h a t  g r a i n  boundaries  l i e  p a r a l l e l  
t o  t h e  e x t r u s i o n  d i r e c t i o n ,  and the re fo re  p a r a l l e l  t o  t h e  t ens ion  a x i s  i n  t h e  stress 
r u p t u r e  tes t ;  t h e  boundaries  are coxf fne l in  t h i s  p o s i t i o n ,  which is  a non-sl iding 
d i r e c t i o n .  The t r a n s v e r s e  boundaries i n  t h i s  s t r u c t u = e  are sha rp ly  jagged i n  s h o r t  
l e n g t h s ,  and are pinned by d i s c r e t e  Be0 p a r t i c l e s  d i s t r i b u t e d  between t h e  heav ie r  ox ide  
s t r i n g e r s .  
which o f f e r s  easy s l i d i n g  i n  easy shear d i r e c t i o n s .  
and i s  r e s t r i c t e d  t o  very  s h o r t  d i s t ances  by t h e  pinning wi th  oxide p a r t i c l e s ,  g r a i n  
boundary shear  a c t i v i t y  i s  extremely l imi t ed ,  g r a i n  boundary migra t ion  obviously must 
be l i m i t e d ,  and t h e  usua l  equi-cohesive break i n  t h e  l o g  stress - l og  rup tu re  t i m e  
p l o t  is avoided. This  accounts  f o r  the  extremely f l a t  s l o p e s  of t h e  curves i n  F igure  2 ,  
r e g a r d l e s s  whether t h e  curves  are  f o r  the  cold worked (as-extruded) cond i t ion ,  o r  
whether they  are i n  t h e  r e c r y s t a l l i z e d  condi t ion .  
This  means t h a t  a t  no t i m e  i s  t h e r e  any s i g n i f i c a n t  l e n g t h  of g r a i n  boundary 
S ince  s l i d i n g  cannot occur e a s i l y ,  
It w a s  f o r t u n a t e  t h a t  t h e s e  i r o n  a l l o y s ,  w i th  a g r a i n  s i z e  of 20 - 50 microns,  
responded t o  simple e tch ing  techniques which revea led  t h e s e  boundaries .  It has  always 
- 4 -  
been a problem i n  t h e  p a s t  t h a t  t h e  very f i n e  g r a i n  s t r u c t u r e  of t h e  oxide d i spe r sed  
a l l o y s  w a s  seldom capable  of being revealed and s tud ied .  
prev ious  work of Adachi and Grant, and t h e  ex tens ive  works repor ted  on TD-nickel, 
It is  now c l e a r  from t h e  
t h a t  t h e  f l a t n e s s  of  t h e  s lope ,  even i n  t h e  r e c r y s t a l l i z e d  cond i t ion  f o r  t h e s e  a l l o y s ,  
is  a s s o c i a t e d  wi th  t h e  r e s t r i c t i o n  of g r a i n  boundary s l i d i n g ,  which i s  a weakening 
process ,  and t h e r e f o r e  r e s u l t s  i n  exce l l en t  long-time stress r u p t u r e  p r o p e r t i e s .  
I n  examining t h e  f r a c t u r e s  of t h e s e  rnata-ials, f r a c t u r e  starts only  on t h e  
jagged t r a n s v e r s e  boundbries,  on those s e c t i o n s  i n c l i n e d  a t  some p r e f e r r e d  ang le  near 
45" t o  t h e  s t r a i n  d i r e c t i o n ;  many shor t  c r ack  l eng ths  a r e  u l t i m a t e l y  formed, and then  
in t e rconnec t  by subsequent shear  on less favorably  o r i en ted  boundaries ,  inc luding  
t h e  ve r t i ca l  s h o r t  l eng ths .  Examination of t h e  f i n a l  f r a c t u r e s  i n d i c a t e s  many f i n e  
s h e a r x r a c k s  wi th  t h e  gene ra l  crack d i r e c t i o n  being normal t o  t h e  specimen a x i s  and 
t o  t h e  e x t r u s i o n  d i r e c t i o n .  
F igure  3 compares t h e  1200" stress r u p t u r e  p r o p e r t i e s  of a l l o y s  B (3% BeO) and 
J (6% BeO) w i t h  t h e  two b e s t  known f e r r i t i c  s t a i n l e s s  steels over  t h e  temperature  
i n t e r v a l  1000, 1200, and 1400°F. The fo l lowing  obpTervations may be  made: 
1) A t  1000°F, t h e  conventional h e a t  t r e a t e d  f e r r i t i c  s t a i n l e s s  steels a r e  q u i t e  
s t r o n g ,  and are supe r io r  t o  t h e  oxide d i spe r sed  a l l o y s  over  a l l  l e v e l s  of stress 
s tud ied .  A t  lOOOOF t h e s e  a l l o y s  undergo only t r ansg ranu la r  f r a c t u r e s .  
2) A t  1200°F, i n  longer  t ime tes ts ,  t h e  oxide d ispersed  m a t e r i a l s  being t o  
show l a r g e  s u p e r i o r i t y  over t he  fe r r i t i c  s t a i n l e s s  steels,  p r imar i ly  because of t h e  
absence of t h e  equi-cohesive break i n  t h e  oxide  d ispersed  materials. 
s t r o n g  and f i n e  s t r u c t u r e  of t h e  f e r r i t i c  s t a i n l e s s  steels coarsens  i n  l ange r  t ime 
The r e l a t i v e l y  
tests a t  t h i s  temperature .  
boundary shear  and mi.gration, and s u f f e r  r ap id  l o s s  of load ca r ry ing  c a p a c i t y  wi th  
These convent ional  a l l o y s  are sub jec t ed  t o  ex tens ive  g ra in  
decreas ing  stress. 
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3) While i t  i s  c e r t a i n l y  not  a n t i c i p a t e d  t h a t  t hese  pure  i r o n  base  materials 
an  
could be used f o r  s i g n i f i c a n t  per iods  of t i m e  a t  1400°F in /ox id iz ing  atmosphere, 
n e v e r t h e l e s s  tests were run t o  e s t a b l i s h  t h e  load car ry ing  c a p a b i l i t y  of t h e  s t r u c t u r e .  
It w i l l  be  observed t h a t  a t  1400°F the  oxide  d i spe r sed  Fe-Be0 materials are supe r io r  
. a t  a l l  stress levels t o  t h e  b e s t  known f e r r i t i c  s t a i n l e s s  steels; and show e x c e l l e n t  
engineer ing  s t r e n g t h  va lues .  
It w a s  a n t i c i p a t e d  t h a t  t h e  Fe-Be0 a l l o p w e r e  s u f f e r i n g  from ox ida t ion ,  and 
Accordingly,  t h e r e f o r e  n o t  showing optimum stress rup tu re  performance a t  1400'F. 
a small  number of tests were run a t  1400°F wi th  t h e  iron-BeO,Bpalloy i n  t h e  chromized 
cond i t ion ,  which provided adequate oxida t ion  p r o t e c t i o n  f o r  t h e  pe r iods  of t i m e  
u t i l i z e d  f o r  t h e s e  tests. 
chromized Fe-Be0 a l l o y  i s  s i g n i f i c a n t l y  more f l a t  than  t h a t  of t h e  unprotected 
It w i l l  be observed i n  F igure  4 t h a t  t h e  s l o p e  of t h e  
material. The curve f o r  t h e  chromized a l l o y  shows t h e  a c t u a l  s t r e n g t h  of t h i s  
material, and sugges ts  t h a t  Fe-Cr-Be0 a l l o y s  should be i n t e r e s t i n g  a l l o y s  f o r  t h i s  
temperature  range.  
These r e s u l t s  show c l e a r l y  t h a t  t h e  body-centered-cubic i r o n  base  materials 
are capable  of being s t rengthened i n  l a r g e  measure f o r  long-time service up t o  a t  
least  1400"F, i f  ox ida t ion  p r o t e c t i o n  can be provided. 
be from 3 t o  6 t i m e s  s t ronge r  ( i n  terms of stress) than are t h e  b e s t  convent ional  
The a l l o y s  are expected to 
a l l o y s  now a v a i l a b l e .  
A t e c h n i c a l  r e p o r t  of t h i s  work is  being prepared t o  provide a more complete 
d i s c l o s u r e  of t h e  r e s u l t s  ob ta ined .  
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B. Oxide Dispersion Strengthened Copper-Al,O, by t h e  S A P  Technique 
Excel len t  progress  and i n t e r e s t i n g  r e s u l t s  may now be r epor t ed  on t h i s  series 
of a l l o y s ,  and pre l iminary  conclusions w i l l  be drawn. 
These a l l o y s  were prepared from -44 micron atomized copper-,aluminum a l l o y s  
which had been a t t r i t e d  f o r  a per iod  of about s i x  hours  i n  e thano l  t o  produce a f l a k e  
product of th ickness  less than  0.5 micron wi th  l eng th  and width dimensions between 
about 3 and 5 microns. The a l l o y  w a s  a i r  oxidized i n  t h e  course  of comminution, 
forming both copper oxidd and t h i n  f i lms  of aluminum oxide on t h e  s u r f a c e  of t h e  
t h i n  f l a k e s .  I n  t h e  f i r s t  series of a l l o y s ,  d i scussed  here ,  t h e  s u r f a c e  copper oxide 
i s  reduced, leav ing  only  A 1  0 on t h e  su r face ,  a f t e r  which t h e  f l a k e  material i s  
compzted  i n  a can,  evacuated,  sea led ,  and extruded a t  74OoC. Subsequent a l l o y s ,  
2 3  
i n  a second series, u t i l i z e  t h e  su r face  copper oxide  t o  achieve by i n t e r n a l  ox ida t ion  
an i n c r e a s e  i n  t h e  t o t a l  aluminum oxide conten t  and improve t h e  oxide  d i spe r s ion .  
With t h e  h igher  alumimum conta in ing  a l l o y s  t h e  amount of i n t e r n a l  ox ida t ion  w i l l  be  
very  s m a l l .  
The maximum e x t r u s i o n  p res su re  was about 720 :oris, and t h e  average w a s  about 
640 tons .  Densi ty  measurements show t h a t  t h e  a l l o y s  were b e t t e r  than  99.7% dense,  
a f i g u r e  considered t o  be s a t i s f a c t o r y  f o r  t hese  materials. 
Thus f a r ,  t h r e e  a l l o y s  have been extruded and t e s t e d  f a i r l y  ex tens ive ly .  The 
compositions and ex t rus ion  r a t i o s  of t h e s e  a l l o y s  are shown i n  Table I. 
TABLE I 
Compositions* and Extrusion Ra t ios  
Alloy No. W t .  % cu W t .  % A 1  W t .  % A1203 Vol.% A1203 Exqru. 
Rat io  - 
A 1  98.3 0.65 0.63 2 . 3  12:l 
A2 96.0 2.80 0.87 2.9 22: l  
A 3  91.95 6.86 1.42 4.5 22: l  
* Determined from t h e  extruded ba r .  In  each a l l o y  t h e r e  i s  aluminum remaining i n  
s o l i d  s o l u t i o n  i n  t h e  copper.  
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A l l  t h r e e  
ind ica t ed  t h a t  
a l l o y s  extruded s a t i s f a c t o r i l y .  
t h e  s t r u c t u r e s  are e x c e l l e n t  and t h a t  r e l a t i v e l y  uniform d i s p e r s i o n s  
Conventional l i g h t  microscopy has  
of alumina have been obta ined  i n  a l l  cases .  Thus f a r ,  measurements of t h e  p a r t i c l e  
s i z e  and i n t e r p a r t i c l e  spacing have not been made q u a n t i t a t i v e l y , . b u t  are planned. 
Room temperature  t e n s i o n  p rope r t i e s  are summarized i n  Table 11, and are compared 
w i t h  t h r e e  prev ious ly  r epor t ed  copper-alumina a l l o y s .  
from t h e  work of P res ton  and Grant and are t h e  s t r o n g e s t  ox ide  d i s p e r s i o n  s t rengthened  
a l l o y s  produced t o  d a t e ,  by i n t e r n a l  ox ida t ion  of d i l u t e  Cu-A1 a l l o y s .  The t h i r d  
of t h e s e  a l l o y s ,  G ,  r e p r e s e n t s  t h e  bes t  p r o p e r t i e s  r epor t ed  f o r  an a l l o y  prepared 
by mechanical mixing, from t h e  work of Zwilsky and Grant.  Alloy G w a s  made from 
1 micron copper conta in ing  7 . 5  volume pe rcen t  A 1  0 added as 0.018 micron p a r t i c l e s .  2 3  
The B-23 and B-33 a l l o y  ex t rus ion  r a t i o s  w e r e  28:1, f o r  t h e  G a l l o y  i t  was 20: l .  
Alloys B-23 and B-33 are 
TABLE I1 
Room Temperature Tension P rope r t i e s  f o r  As-extruded Condit ion 
Alloy 0.2% Y.S., p s i  U.T.S., p s i  Elong. % Reduction Area, % 
A 1  46,200 49,700 19.8 22.6 
A2 53,400 59,600 L9.6 26.4 
A3 83,100 92,600 7.5 10.5 
B-23 (1) 58,200 68,000 19.0 54.0 
B-33 (1) 65,100 76,000 13.0 31.0 
G (2) 69,900 88,500 5.0 7.0 
(1) From Pres ton  and Grant:  
(2) From Zwilsky and Grant:  Cu-7.5 v/o A 1  0 by mechanical mixing 
Cu-1.1 v /o  A 1  0 and Cu-3.5 v/o A1203 by i n t e r n a l  ox ida t i cn ,  2 3  
2 3  
The lower test va lues  f o r  a l loys  A 1  and A 1  compared t o  A3 can be accounted f o r  
i n  terms of t h e  lower aluminum and aluminum oxide c o n t e n t s ,  and i n  t h e  case of a l l o y  A 1  
a l s o  by t h e  considerably lower ex t rus ion  r a t i o .  Alloy A3, wi th  a h igher  oxide  conten t  
and an  ex t rus ion  r a t i o  of 2 2 : 1 ,  shows e x c e l l e n t  room temperature t ens ion  p r o p e r t i e s ;  
p a r t  of t h i s  s t r e n g t h  i s  a t t r i b u t a b l e  t o  t h e  f a i r l y  l a r g e  amount of aluminum remaining 
i n  s o l i d  so lu t ion .  Alloy A3 i s  considerably s t r o n g e r  than B-33, and impor tan t ly  s t ronger  
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than  al,Jy G,  whi le  enjoying improve, d u c t i l i t y  a t  t h e  same t i m e  over t h e  G a l l o y .  
One of t h e  purposes of t h i s  program was t o  s tudy  t h e  e f f e c t  of a d d i t i o n a l  cold work 
a t  room temperature  ( a f t e r  ho t  ex t rus ion)  on both  t h e  low and h igh  temperature  p r o p e r t i e s  
of t h e s e  a l l o y s .  Accordingly, a l l o y  A l ,  wi th  t h e  lowest ox ide  con ten t ,  w a s  extruded a t  
a r e l a t i v e l y  low ex t rus ion  r a t i o  i n  order  t o  provide a material which would have a 
l a r g e r  capac i ty  f o r  subsequent cold work. 
be examined f o r  t h e i r  capac i ty  f o r  subsequent cold work. It i s  a n t i c i p a t e d  t h a t  t h e  
level of a d d i t i o n a l  cold work i n  t h e  h igher  oxide,  h igher  e x t r u s i o n  r a t i o  a l l o y s  w i l l  
be  r e l a t i v e l y  small ,  a l though b e n e f i c i a l  e f f e c t s  are expected. Among o t h e r  f e a t u r e s ,  
i t  i s  expected t h a t  a l l o y  A 1  w i l l  develop a s t ronge r  t e x t u r e  as a r e s u l t  of t h e  low 
oxide conten t  and l a r g e r  amount of cold work i t  w i l l  undergo; i t  i s  intended t o  examine 
t h e  e f f e c t s  of t h e  r e s u l t a n t  t e x t u r e  on p r o p e r t i e s .  
I n  p a r a l l e l  s t u d i e s ,  a l l o y s  A2 and A3 w i l l  
s 
The s t a b i l i t y  of t h e s e  a l l o y s  has been checked by room temperature  hardness  
measurements a f t e r  a one hour exposure a t  p rogres s ive ly  h ighe r  temperatures  up t o  
1000°C. 
means of checking t h e  a l l o y s  f o r  f u r t h e r  h igh  temperature  t e s t i n g .  
This  type  of hardness  survey has  been ind ica t ed  t o  be a s u i t a b l e  pre l iminary  
F igu re  5 shows t h e  hardness  as a func t ion  of a one hour annea l ing  t rea tment  a t  
Resul t s  are compared wi th  a l l o y s  B-33 and G t o  provide  a s u i t a b l e  h igh  temperatures .  
base l i n e .  
because of t h e  b e n e f i t s  der ived  from s o l i d  s o l u t i o n  s t rengthening  of t h e  copper by 
aluminum. Of t h e  t h r e e  a l l o y s ,  A 1  l o s e s  hardness  more r a p i d l y  than  t h e  o t h e r  two 
materials, and a l s o  more r a p i d l y  than a l l o y s  B-33 and G.  Al loys A2 and A 3  show ex- 
c e l l e n t  s t a b i l i t y  i n  terms of hardness,  and i t  i s  expected t h a t  t h i s  s t a b i l i t y  w i l l  
F igure  5 c l e a r l y  shows the h igher  hardness  l e v e l s  of a l l o y s  A l ,  A2, and A3 
be mani fes ted  a l s o  i n  the  stress rupture  tests.  
The stress f o r  a 100-hour l i f e  a t  450 and 65OOC f o r  a l l o y s  A l ,  A?, A3, B-23, 
and B-33 are shown i n  Table 111. 
b e s t  s t r e n g t h  va lues  a t  both 450 and 650°C. 
more i d e a l  d i spe r s ion  of A1203  i n  t h e  completely i n t e r n a l l y  oxid ized  alloy’, as compared 
t o  t h e  s u r f a c e  oxidized f l a k e  ma te r i a l s .  
It is  c l e a r  t h a t  a l l o y  B-33 cont inues  t o  show t h e  
This undoubtedly r e p r e s e n t s  t h e  much 
\ 
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TABLE I11 
Stress for 100-hour Life at 450 and 650°C. Tests in Air 
Temp. "C Alloy No. 
450 A1 
A2 
A3 
B-23 
B-33 
A1 
A2 
A3 
E-23 
B-33 
650 
Stress for lQ0-hour life, psi 
19,000 
23,000 
25,000 
31,000 
38,000 
8,500 
13,500 
14,800 
16,000 
21,000 
It would appear from these results that the aluminum in solid solution is 
not especially beneficial to stress rupture properties when the temperature is as 
high as 450°C or greater. This tends t o  confirm tests wlth alloyed aluminum' SAP and 
some modified TD-Ni alloys at high homologous temperatures. 
Even though alloy A3 has lower strength properties than B-33, the results 
are nevertheless excellent when compared to all other known high temperature copper 
materials. 
temperature from 450 to 650°C is significantly less than that for the B-23 and B-33 
alloys. 
Further, the drop in strength for the A3 alloy on increasing the test 
One advantage of the A series of alloys reported here is that they have excellent 
oxidation resistance at 450" and 650°C. 
aluminum content, has excellent oxidation resistance for long-time periods at 650°C. 
In particular, alloy A3, with its higher residual 
The amount of work done to study the effects of additional cold work on the 
strength properties of these alloys is fairly limited. 
a reduction in cross sectional area of about 50 percent. Table IV shows the results 
of the comparative room temperature tensile data for the as-extruded material and 
the cold worked material. 
nificantly the strength values, with a resultant loss in ductility, which does not 
Alloy A2 was cold swaged to give 
It will be observed that cold working has increased sig- 
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appear too severe .  Creep  r u p t u r e  t e s t s  are a l s o  planned t o  see whether t h e  b e n e f i t s  
of t h e  cold work are maintained at  t h e  high test temperature .  
TABLE I V  
Room Temperature Tension P rope r t i e s  f o r  Cold Worked Alloy A2 
Condition 0.2% Y.S., ps i*  U.T.S., p s i  Elong., % Reduction Area,% 
A s  extruded 53,400 59,600 19.6 26.4 
(22 : 1) 
Cold swaged, 50% RA 86,100 86 , 500 12.6 13.2 
-1 * Ins t ron :  c r o s s  head speed of 0.05"min 
Surface  P l u s  I n t e r n a l  Oxidat ion S e r i e s  
A second series of copper-aluminum a l l o y s  a l s o  i n  f i n e  f l a k e  form (B s e r i e s )  i s  
being processed by i n t e r n a l  ox ida t ion  following s u r f a c e  oxida t ion .  It w a s  a n t i c i p a t e d  
t h a t  t h e  aluminum oxide d i s p e r s i o n  could be  improved by t h e  a d d i t i o n a l  ox ida t ion  of 
aluminum t o  A1203. Accordingly,  t h e  f i n e  f l a k e  powders of sub-micron th i ckness ,  
descr ibed  above having both  copper oxide and aluminum oxide on t h e  s u r f a c e ,  were 
i n t e r n a l l y  oxidized f o r  one hour a t  725OC. 
i n d i c a t e d  t h a t  t h e s e  f i n e  powders could be  thoroughly i n t e r n a l l y  oxid ized  wi th in  two 
o r  t h r e e  minutes;  however, because of d i f f i c u l t i e s  i n  br inging  t h e  system up t o  t e m -  
p e r a t u r e ,  c o n t r o l l i n g  t h e  temperature  f o r  a s h o r t  i n t e r v a l  of t i m e ,  and a s c e r t a i n i n g  
t h a t  p e n e t r a t i o n  of t h e  ox id iz ing  atmosphere through t h e  powder mass would be  uniform, 
t h e  powders were a c t u a l l y  i n t e r n a l l y  oxidized f o r  t h e  cons iderably  longer  t i m e  of one 
hour.  
Ca lcu la t ions  from p r i o r  l i t e r a t u r e  had 
Table V shows t h e  i n i t i a l  and f i n a l  compositions of t h e  fou r  a l l o y s  being s tud ied .  
Alloy* 
B 1  
B2 
B3 
B4 
TABLE V 
Composition of A l l o y s  a f t e r  Sur face  p lus  I n t e r n a l  Oxidat ion 
Weight Percent Volume Percent  
cu A 1  A1203 N i  A1203 
98.3 0.58 0.80 - 2.9 
95.4 2.65 1 .27  - 4.2 
91.4 6.89 1.34 - 4.5 
84.3 0.06 1.22 14 .71  4.4 
* I n i t i a l  powder compositions same as  f o r  A series of a l l o y s  
~~ ~ 
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The B series represents higher levels of A1203 for alloys B1 and B2 compared to 
A1 and A2 (Table I), but comparable A1203 contents f o r  B3 and A3, which had such a 
high level of aluminum in solution that internal oxidation is largely restricted. 
Finally, Table VI lists the results of all stress ruptiL-e tests to date on alloys 
Al, A2, and A 3 ,  and sumarizes the stress to produce cqtutle in 100 and 1000 hours at- 
450, 650, and a few tests at 850OC.  
TABLE VI 
Results of Creep-Rupture Testing - All Tests in Air 
Alloy Temp. O C  Stress, psi RuDt. life, hrs. Elonn., % Reduction Area,% 
A1 450 22,500 0.36 4.6 5.1 
20,000 16.7 4.3 2.4 
18,000 > 454.6 2.5 2.4 
A2 
A3 
650 15 , 000 
12,500 
10,000 
9,000 
8,000 
450 
650 
450 
650 
850 
25,000 
24,000 
23 , 000 
22,500 
15,000 
14,000 
12,500 
29,000 
28,000 
27,450 
25,000 
17,000 
15,000 
14,000 
8,000 
4,000 
20,000 
10,000 
0.05 5.0 
-2.02 3.3 
35.5 5.4 
60.2 - 
380. 3.3 
1.38 
16.3 
25.8 
373.6 
0.31 
16.4 
516.0 
7.1 
6.2 
6.6 
4.4 
2.4 
2.4 I 
1.2 
2.4 
3.9 
5.1 
3.9 
2.6 
2.4 
5.1 3.9 
3.3 3.9 
4.4 5.1 
0.026 5.8 7.1 
0.24 20.4 23.4 
48.5 3.8 6.3 
82.5 6.4 13.9 
0.127 5.7 7.8 
3.08 4.5 5.5 
40.7 5.1 11.7 
90.7 2.6 4.8 
0.003 24.2 33.2 
0.01 18.3 40.0 
15.3 - 3.9 
Alloy 
A1 
A2 
A3 
B-23 
B-33 
G 
A1 
A2 
A3 
B-23 
B-33 
G 
A3 
B-33 (1) 
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TABLE V I  (Continued) 
Temp. O C  S t r e s s  f o r  100 hr .  l i f e  (est.) S t r e s s  f o r  1000 h r .  life ( e s t . )  
450 19,000 17 , 500 
23,000 21,800 
25,000 23 , 500 
31,000 28,000 
38 , 000 37 , 000 
21,800 20,400 
650 
850 
8,500 
13,500 
14,800 
16,000 
21,000 
11 , 200 
3 , 600 
8 , 000 
7,800 
12 , 700 
13 , 500 
12,000 
19,000 
9,500 
- 
2 , 200 
6,600 
(1) test  i n  argon 
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C. The Ro le ,o f  Oxide Contaminants and Reactive Metals i n  Oxide Dispersed Alloys 
I n  t h e  June semi-annual r e p o r t ,  two type  316 s t a i n l e s s  steel  a l l o y s  conta in ing  
5 volume percent  t h o r i a  were discussed;  t h e  a l l o y s  were prepared by mechanical blending.  
The s t a r t i n g  316 powders were of t he  -10 micron s i z e .  I n  t h e  course  of prepar ing  t h e s e  
materials, h igh  temperature  hydrogen reduct ion  t r ea tmen t s  were used t o  reduce C r  0 
t h i s  gave two s l i g h t l y  d i f f e r e n t  products,  one conta in ing  1.23 and t h e  o t h e r  0.90 
2 3; 
weight percent  Cr203. 
r e c r y s t a l l i z e  a t  about  2001)'F a f t e r  one hour exposure,  bu t  had shovm only  a s m a l l  drop 
Hardness measurements had ind ica t ed  t h a t  t h e  a l l o y s  began t o  
i n  room temperature  hardness  a f t e r  anneal ing a t  temperatures  up t o  2300'F. On t h i s  
I 
b a s i s ,  i t  had been hoped t h a t  t h e  creep r u p t u r e  p r o p e r t i e s  might be r a t h e r  good; 
i n s t e a d ,  t h e  stress r u p t u r e  r e s u l t s  were q u i t e  poor ,  each a l l o y  showing a stress of 
about 1500 p s i  f o r  a 5 hour rup tu re  time a t  1800'F. 
It would appear  t h a t  room temperature hardness  measurements a f t e r  a one hour 
exposure at h igh  tempera tures  are no t  always a good measure of t h e  s t r e n g t h  va lues  t o  
be  achieved i n  a l l o y s  of t h i s  type. The chromium oxide  content  w a s  r e l a t i v e l y  h igh ,  
t h e  Tho 
p r o p e r t i e s  w e r e  poor i n  p a r t  because of t h i s  chromium oxide contaminat ion.  
d i s p e r s i o n  only  f a i r  a t  b e s t .  It i s  a n t i c i p a t e d  t h a t  t h e  stress r u p t u r e  2 
Two ox ida t ion  r e s i s t a n t ,  chromium con ta in ing  a l l o y s  had been rece ived  which w e r e  
of cons ide rab le  i n t e r e s t  because they had been made by t h e  ONERA h a l i d e  decomposition 
process .  The two a l l o y s  rece ived  a s  pressed compacts were: 
1) 
2)  
A s  i nd ica t ed  below, t h e s e  a l l o y s  a l s o  showed r e l a t i v e l y  good s t a b i l i t y  when judged 
80 N i  - 20 C r  - 3 . 5  Tho2 
80 Fe - 20 C r  - 3.5 ThoZ 
i n  terms of room temperature  hardness ve r sus  a one-hour anneal ing t rea tment  a t  progres- 
s i v e l y  h ighe r  temperatures .  
TABLE VI1 
Hardness Rockwell, G 
One Hour Ni-Cr-Th02 Fe-Cr-Th02 Annealing Temperature, OF 
As-extruded 
1800 
2000 
2300 
2500 
98 
96 
96 
92 
90 
78 
78 . 
77 
74 
63 
The hardness data suggest that the austenitic nickel-chromium-thoria alloy 
is not only harder (stronger) but is also more stable than the iron-chromium-thoria alloy. 
I 
In tension tests at room temperature, the nickel-chromium alloy showed excellent 
properties, having a yield stress of 113, 700, an ultimate tensile strength of 
126,200 psi, and an elongation of 6.7%. The iron-chromium-thoria alloy showed relatively 
low stregth values, having a yield strength of 53,700 psi, an ultimate tensile strength 
of 75,000, and an elongation of 8.7%. 
Again unfortunately the creep rupture properties were -poor. The results 
were actually lower than those for the type 316 stainless steels with mechanical 
admixtures of thoria. 
Metallographic examination indicated that something had gone seriously wrong 
during the halide decomposition process since the chromium in the alloys was not 
homogeneously distributed in the structure. 
phase which was susceptible to extensive diffusion in the high temperature treatments, 
yielding a unstable structure. 
Because of the excellent structure and properties obtained with our Fe-Be0 alloys 
This left large islands of a chromium-rich 
produced by internal oxidation (described above), a quantity of this material in the 
form of -44  micron internally oxidized powder was subjected to a chromizing treatment 
by the halide process. 
Room temperature tension tests with this alloy show a yield strength of 72,500 psi, an 
ultimate tensile strength of 104,000 psi; an elongation of  16.6%. 
excellent and considerably better than those f o r  the iron-chromium-thoria alloylproduced 
The resultant composition is indicated to be Fe-19 Cr - 2.5 BeO. 
These results are 
completely by 
I n i t i a l  
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t h e  h a l i d e  process  and descr ibed above. 
stress r u p t u r e  tests w i l l  b e  made a t  1400°F wi th  t h i s  a l l o y  t o  see how 
they  compare wi th  a s t r a i g h t  Fe-Be0 a l l o y ,  f r e e  of chromium, which showed promising 
r e s u l t s  up t o  1400°F. I f  t h e s e  resul ts  look a t t r a c t i v e ,  tests w i l l  be  cont inued a t  1800OF. 
I n  a d d i t i o n  t o  t h e  chromium containing a l l o y s  which are  being s tud ied  t o  determine 
t h e  s t a b i l i t y  of t h e  a l l o y s  i n  t h e  presence of a r e a c t i v e  s o l u t e  element such as 
chromium, a number of copper a l l o y s  are a l s o  being examined. Two of  t h e s e  a l l o y s  
con ta in  s i g n i f i c a n t  amounts of aluminum i n  s o l i d  s o l u t i o n .  Accordingly,  t h e s e  copper- 
aluminum-A1203 a l l o y s  are Zeing s tudied  f o r  s t r u c t u r a l  s t a b i l i t y  i n  t h e  same way as 
t h e  nickel-chromium and iron-chromium d i spe r s ion  s t rengthened materials. 
rates f o r  t h e  oxides  f o r  a l l  of t h e s e  a l l o y s  w i l l  be  compared wi th  t h e  r e s u l t s  f o r  t h e  
Coarseiiing 
same a l l o y  systems f r e e  of t h e  r e a c t i v e  s o l u t e  element. 
A new series of a l l o y s  have been prepared by t h e  h a l i d e  process ,  t ak ing  
i n t o  account t h e  prev ious  problems w i t h  chromium s o l u t i o n  i n  t h e  matrix. These a l l o y s  
have been received and are scheduled t o  be extruded prepara tory  t o  mechanical t e s t i n g .  
D. Deformation and F rac tu re  of Dispersed Oxide Alloys 
For t h i s  s tudy ,  a range of a l l o y  types  and compositions were obta ined  from wi th in  
t h e  l a b o r a t o r y  i n  o rde r  t o  t r y  t o  cover as many a s p e c t s  of t h e  deformation and f r a c t u r e  
s tudy  as poss ib l e .  
aluminum oxide a l l o y s ,  n i cke l - tho r i a  a l l o y s ,  and i n t e r n a l l y  oxid ized  Fe-Be0 a l l o y s .  
Included i n  the  s t u d y  were S A P  a l l o y s ,  i n t e r n a l l y  oxid ized  copper- 
Test cond i t ions  included tens ion  tests a t  room temperature and 77"K, and stress 
Both l i g h t  microscopy and e l e c t r o n  microscopy r u p t u r e  tests a t  e leva ted  t e m p r a t u r e s .  
were u t i l i z e d .  I n  t h e  l a t t e r  case ,  only replication techniques w e r e  used,  bu t  t h e  
s t u d i e s  included both e x t e r n a l  sur faces  as w e l l  as f r a c t u r e  su r faces .  
The fol lowing observa t ions  and conclusions are made as a r e s u l t  of t h i s  s tudy;  
1) S l i p  t r a c e s  observed on t h e  s u r f a c e  o f  oxide d ispersed  a l l o y s ,  i n  t h e . p r e -  
po l i shed  cond i t ions ,  i n  t e s t s  a t  room temperature  and 77"K,  were predominantly of t h e  
f i n e  s l i p  v a r i e t y .  The Cu-A1203 a l loys  showed similar s l i p  traces t o  those  observed 
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i n  over-aged, p r e c i p i t a t i o n  hardened aluminum a l l o y s .  S imi l a r ly ,  s l i p  traces i n  
Fe-Be0 a l l o y s  a r e  q u i t e  similar t o  those found i n  pure i r o n  a t  low temperatures .  
bands are almost never  seen;  a c t u a l l y ,  it i s  d i f f i c u l t  t o  conceive how s l i p  bands might 
form i n  s t r u c t u r e s  conta in ing  a f i n e  d i spe r s ion  of hard oxide p a r t i c l e s .  
S l i p  
F ine  s l i p ,  
which accounts  f o r  most of t h e  deformation anyhow, is  r e a d i l y  blocked by t h e  oxide  
p a r t i c l e s ,  however, t h e  s l i p  may be r e a c t i v a t e d  on t h e  oppos i te  s i d e  of t h e  same 
p a r t i c l e .  
deformation proceeds around t h e  hard p a r t i c l e .  
Frequent ly  t h e  s l i p  t r a c e s  a t  h igh  magni f ica t ions  looks  q u i t e  jagged as 
It should be poin ted  out  t h a t  i n  most cases t h e  oxide d ispersed  a l l o y s  which were 
examined had a g r a i n  s i z e  which w a s  s o  f i n e  t h a t  accommodation of s l i p  bands would be 
d i f f i c u l t ,  i n  l i n e  wi th  t h e  Orowan r e l a t i o n s h i p  between s t r e s s  and t h e  i n v e r s e  of t h e  
s l i p  band spacing. For a very  f i n e  g ra in  s i z e  (1 t o  10 microns) a t  most t h e r e  would 
only  be  one o r  two s l i p  bands capable  of being accommodated f o r  t h e  s t r e s s e s  u t i l i z e d .  
2) S t r a i n s  as high as  2 t o  4 percent  a t  t h e  lower temperatures  do n o t  l e a d  t o  
d i s c e r n i b l e  f i n e  s l i p .  Apparently t h e  i n d i v i d u a l  s l i p s  are s o  f i n e ,  and s o  w e l l  d i s -  
t r i b u t e d ,  t h a t  t h e  t r a c e s  are  poorly i d e n t i f i a b l e  even on pol ished s u r f a c e s  a t  r e l a t i v e l y  
h igh  magni f ica t ions .  
3) Deformation a t  e leva ted  temperatures i s  a l s o  cha rac t e r i zed  by t h e  formation 
of f i n e  s l i p  l i n e s  on t h e  s u r f a c e ,  Again, s l i p  bands are not  observed, bu t  i t  i s  much 
less probable  t h a t  s l i p  bands would be found i n  h igh  temperature tes ts ,  i n  view of t h e  
f i n e  g r a i n  s i z e  and t h e  much lower s t r e s s e s  r equ i r ed .  
4 )  Perhaps t h e  most i n t e r e s t i n g  a spec t  of h igh  temperature creep deformation i s  
t h e  apparent  absence o r  severe  i n h i b i t i o n  of g r a i n  boundary s l i d i n g  and migra t ion .  Only 
i n  rare i n s t a n c e s  i s  t h e r e  some evidence of s m a l l  amounts of g r a i n  boundary mig ra t ion ,  
and exceedingly l i m i t e d  evidence of grain boundary shea r .  
boundary l eng ths  between pinning oxide p a r t i c l e s  are s o  s h o r t  t h a t  t h e  u n i t  s h e a r s  would 
be  extremely s m a l l  and d i f f i c u l t  t o  observe. On t h i s  b a s i s ,  i t  i s  more l i k e l y  t h a t  
evidence of g r a i n  boundary migra t ion  would be p r e s e n t ,  and t h i s  is  indeed t h e  case .  
On average,  t h e  f r e e  g r a i n  
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5 )  Subgrains are observed a f t e r  ex tens ive  deformation i n  h igh  temperature  c reep  
of oxide d i spe r sed  Fe-Be0 a l l o y s .  
6) While i t  i s  probable  t h a t  t h e  presence of a f i n e  d i s p e r s i o n  of B e 0  i n  a lpha  
i r o n  may l ead  t o  a decreased t r a n s i t i o n  f o r  b r i t t l e  f r a c t u r e ,  t h e s e  Fe-Be0 a l l o y s  
undergo c leavage  f r a c t u r e  a t  77'K. This  c leavage  can be i n i t i a t e d  by o r  superceded 
by d u c t i l e  modes of f r a c t u r e  i n  t h e  same reg ions .  
7) Except f o r  t h e  cleavage type  f r a c t u r e  i n  Fe-Be0 a l l o y s  a t  77OK, a l l  of t h e  
f r a c t u r e s  of t h e  face-centered-cubic metals  a t  77"K, and a l l  of t h e  a l l o y s  a t  room 
temperature ,  showed d u c t i l e  modes of f r a c t u r e .  The e s u a l  dimpled appearances i n  the  
f r a c t u r e  f a c e s  were abundantly ev ident .  
- 
There appears  t o  be evidence of vo id  formation 
a t  t h e  i n t e r f a c e  between t h e  oxide d i spe r so id  and t h e  matr ix .  Such void  nuc lea t ion  
appears  t o  be a s soc ia t ed  p r e f e r e n t i a l l y  wi th  t h e  f l a t  su r f aces  of t h e  l a r g e r ,  p l a t e -  
l i k e  oxide  p a r t i c l e s .  
8) High temperature  f r a c t u r e s  were observed t o  be both t r a n s g r a n u l a r  and i n t e r -  
g ranu la r ,  depending on t h e  temperature  and s t r a i n  ra te  of t he  t e s t .  I n  t h e  h igher  
s t r a i n  r a t e  tests,  many of t h e  f r a c t u r e s  appear t o  be t r ansg ranu la r ;  i n  t h e  longer  
t i m e ,  lower s t r a i n  rate tests, t h e  f r a c t u r e s  tend t o  be i n t e r g r a n u l a r .  I n  p a r t i c u l a r ,  
t h e  Fe-Be0 a l l o y s ,  wi th  a w e l l  def ined  f e r r i t i c  g r a i n  s t r u c t u r e ,  showed both types  of 
f r a c t u r e s ,  wi th  t h e  f r a c t u r e s  sha rp ly  i n t e r c r y s t a l l i n e  i n  t h e  longer  t i m e  tests a t  
1200'F. The f r a c t u r e s  occur on s h o r t  g r a i n  boundary segments which are pinned by oxide 
p a r t i c l e s ,  on g r a i n  boundaries  which a r e  o r i e n t e d  a t  favorable  shea r  ang le s  t o  the  
specimen ax i s .  F rac tu res  are not  observed on s h o r t  t r ansve r se  boundaries  o r  on t h e  
long a x i a l  g r a i n  boundaries.  The shor t  c r acks  on favorably  o r i e n t e d  boundary segments, 
grow by shea r  a t  a l a t e r  s t a g e  along the in te rconnec t ing  a x i a l  boundaries .  F rac tu res  
g e n e r a l l y  progress  i n  a normal d i r e c t i o n  t o  t h e  s t r a i n  a x i s ,  no t  u n l i k e  t h a t  observed 
i n  convent iona l  a l l o y s .  
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(9) Extensive stress r e l e x a t i o n  tests were run ,  from which a c t i v a t i o n  volumes 
were c a l c u l a t e d .  The a c t i v a t i o n  volumes f o r  t h e  oxide  d ispersed  a l l o y s  are q u i t e  
similar t o  those  f o r  t h e  comparable pure metals o r  s imple a l l o y s ,  whether determined 
a t  77'K, 20°C, o r  a t  e leva ted  temperatures.  
The n e t  conclusion from t h e  s tud ie s  of deformation and f rac tu ' re  modes, supplemented 
by t h e  a c t i v a t i n n  energy c a l c u l a t i o n s  from stress r e l a x a t i o n  tes ts ,  i s  t h a t  t h e  oxide 
d i spe r sed  materials do not  deform o r  f r a c t u r e  i n  a d i f f e r e n t  manner than  do more con- 
v e n t i o n a l  a l l o y s .  The d i f f e r e n c e s  are not  d i f f e r e n c e s  i n  k ind ,  b u t  i n  degree.  Thus 
one sees less of s l i p  bands and very  much more of f i n e  s l i p .  I n  p a r t ,  t h i s  i s  due both 
t 
t o  t h e  f i n e  oxide d i s p e r s i o n ,  and t o  the very  f i n e  g r a i n  s i z e .  When cond i t ions  are 
c o r r e c t  f o r  c leavage f r a c t u r e ,  cleavage f r a c t u r e s  t ake  p l ace  in a convent iona l  manner. 
Grain boundary s l i d i n g  and migrat ion can occur ,  bu t  t h e  e x t e n t  t o  which they  do 
occur  i s  extremely s l i g h t  i n  view of the s h o r t  range pinning of t h e  boundaries  by oxide  
p a r t i c l e s .  This  restricts g r a i n  boundary s l i d i n g  t o  s h o r t  d i s t a n c e s ,  which are  incapable  
of being added up i n t o  l a r g e  shea r s  a t  e i t h e r  end of t h e  g r a i n  boundary. These g r a i n  
boundaries  u l t i m a t e l y  undergo i n t e r c r y s t a l l i n e  c racking ,  and l ead  t o  i n t e r c r y s t a l l i n e  
f a i l u r e  under appropr i a t e  cond i t ions  of temperature  and s t r a i n  rate. 
g r a i n  s t r u c t u r e s ,  which d e v i a t e  sharply from usua l  polygonal shapes,  c o n s i s t  of s h a r p l y  
angular  boundaries  wi th  jagged t r ansve r se  boundary s e c t i o n s ;  t h i s  l e d  t o  t h e  necessary  
c o n d i t i o n s  f o r  r e s t r i c t e d  g r a i n  boundary shear .  
The non-equilibrium 
Except f o r  t h e  cleavage f a i l u r e s  of Fe-Be0 a l l o y s  a t  77'K, and t h e  i n t e r g r a n u l a r  
f a i l u r e s  i n  high temperature tes ts ,  the f r a c t u r e s  of t h e  o t h e r  materials are t y p i c a l l y  
d u c t i l e  w i t h  normal dimpling. 
E. I n t e r n a l l y  Oxidized, Alloyed, Nickel-=Materials 
I n  v i e w  of t h e  success  achieved wi th  i n t e r n a l l y  oxid iz ing  i ron-beryl l ium a l l o y s ,  
e q u a l l y  f ine-grained powders of n icke l  a l l o y s  w i l l  be i n t e r n a l l y  oxid ized  i n  an e f f o r t  t o  
t r y  t o  produce s t r u c t u r e s  which w i l l  r e s u l t  i n  s i g n i f i c a n t  s t r e n g t h  s u p e r i o r i t y  and h igh  
tempera ture  s t a b i l i t y  compared t o  cur ren t  oxide d ispersed  n i c k e l  and nickel-base a l l o y s .  
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A series of nickel-beryl l ium and al loyed nickel-beryl l ium a l l o y s  have been ordered 
i n  powder form; t h e s e  powders w i l l  be  a t t r i t e d  t o  -44 micron powders i n  most cases, 
and t o  sub-micron powders i n  o t h e r  cases .  Even i n  t h e  presence of r e l a t i v e l y  l a r g e  
amounts of a l l o y i n g  elements,  i t  should be  p o s s i b l e  t o  oxid ize  t h e  bery l l ium i n  t h e  
n i c k e l  ma t r ix  t o  BeO. 
It i s  a l s o  planned t o  make comparisons i n  s e v e r a l  i n s t ances  between products  
produced wi th  low ex t rus ion  r a t i o s  followed by ex tens ive  cold worked, ve r sus  those  
produced by ho t  ex t rus ion  a t  a high ex t rus ion  r a t i o ,  without subsequent co ld  work. 
Bas i ca l ly  w e  f e e l  t h a t  t hese  processing t r ea tmen t s  r e s u l t  i n  two d i f f e r e n t  classes 
of a l l o y s ,  t h e  behaviors  of which might b e  expected t o  be s i g n i f i c a n t l y  d i f f e r e n t .  
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11. THE SPLAT COOLING PROCESS FOR ALLOY DEVELOPMENT 
A. S p l a t  Cooling on a Continuous Basis 
We are awai t ing  receipt  of t h e  des i red  h i g h ’ p u r i t y  A1-Si a l l o y  remelt s t o c k ,  a t  
3 t o  4 ,  7 t o  8,  and 10 t o  11% s i l i c o n  ( these  materials are no t  a v a i l a b l e  commercially 
and are being prepared from higher  p u r i t y  grade materials f o r  our  u se ) .  
runs  wi th  o t h e r  materials have been made i n  t h e  meantime: 
Addi t iona l  t r i a l  
1) A switch has  been made t o  t h e  aluminum a l l o y  2024 from t h e  Pb-Zn a l l o y .  
Aluminum i s  much more d i f f i c u l t  t o  atomize because of heavy oxide  formation;  neve r the l e s s ,  
e x c e l l e n t  s p l a t  runs  have been accomplished, and a switch t o  t h e  A1-Si a l l o y s  should n o t  
p re sen t  unusual  problems. 
2 )  The a tomiza t ion  guns have been modified f u r t h e r ;  t h e  l i q u i d  metal updraw 
tube  i s  now being heated during t h e  atomizat ion run t o  avoid heavy s k u l l  formation a t  
t h e  l i p  of  t h e  gun. 
3) An enclosure  has  been b u i l t  around t h e  r o t a t i n g  quench wheel t o  d e f l e c t  p a r t i c l e s  
which are no t  quench impacted a g a i n s t  the r i m  of t h e  wheel. Higher y i e l d  of more unifonn 
s p l a t  f l a k e s  i s  being achieved without  entrainment  of more s lowly cooled p a r t i c l e s .  
Severa l  pounds of 2024 a l l o y  were produced as s p l a t  cooled f l a k e  and sepa ra t ed  
i n  terms of two f l a k e  s i z e s .  Both were co ld  compacted, canned, and extruded co ld  i n  t h e  
f i r s t  experiments.  A d e n s i t y  of about 92% of t h e o r e t i c a l  was achieved,  which i s  promising 
bu t  n o t  adequate ,  
ach ieve  h igher  dens i ty ,  followed by f u r t h e r  r o l l i n g  o r  swaging, i f  necessary ,  t o  f u l l  
A new l o t  of ma te r i a l  w i l l  be  extruded a t  about 150°C t o  t r y  t o  
I 
dens i t y  . 
The f i r s t  l o t  of 2024 shows d e n d r i t e  s izes  between 10 and 40 microns,  a s i z e  which 
i s  of i n t e r e s t  f o r  purposes of mechanical proper ty  s tudy.  
During t h e  next  s i x  months it  i s  expected t h a t  bo th  t h e  series of 3 A1-Si a l l o y s  
w i l l  be  eva lua ted  f o r  d i s p e r s i o n  s t rengthening b e n e f i t s ,  and t h e  2024 a l l o y  w i l l  be 
compared t o  convent iona l ly  produced ma te r i a l  ( i ngo t  p r a c t i c e ) .  Severa l  quench ra tes  are 
planned f o r  product icn of  powders i n  addi t ion  t o  t h e  one which t h e  c u r r e n t  experimental  
set-up w i l l  a l low i n  t h e  i n i t i a l  t r ia l s .  
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B. S p l a t  Cooling of A1-Cu, A1-Fey A 1 - N i ,  and A1-Pd Alloys 
A number of very  i n t e r e s t i n g  and v a l u a b l e  f ind ings  have r e s u l t e d  from recen t  
s t u d i e s  of s p l a t  cooled aluminum b ina ry  a l loys .  One of t h e  most i n t e r e s t i n g  i s  t h e  
h igh ly  b e n e f i c i a l  e f f e c t  of doing the  s p l a t  cool ing  under an i n e r t  gas o r  p a r t i a l  vacuum. 
A s  r epor t ed  i n  t h e  l a s t  semi-annual r e p o r t ,  very  t h i n  s p l a t  cooled,  aluminum a l l o y  
f o i l s ,  atomized i n  an a i r  atmosphere, reac ted  extremely r a p i d l y  wi th  t h e  h igh  s u l f u r  
conten t  of t h e  win te r  atmosphere i n  t h e  Boston a rea .  Accordingly,  s p l a t  cool ing  was 
performed i n  a p r o t e c t i v e  atmosphere. 
t h a t  more e f f i c i e n t  s p l a t  cool ing  r e su l t ed  from u s e  of t h e  non-oxidizing atmospheres. 
The s p l a t t e d  l i q u i d  p a r t i c l e s  were much f i n e r ,  and t h e  oxide s k i n  much t h i n n e r .  
A high  b e n e f i c i a l  s i d e  e f f e c t  was t h e  obse rva t ion  
I n  t h e  A1-Cu system, whereas the maximum s o l u b i l i t y  of Cu a t  cool ing  ra tes  
of about l o8  O C / s e c  w a s  about 10-11% when s p l a t t i n g  i n  a i r ,  t h e  s o l u b i l i t y  i n c r e a s e  
i s  now i n d i c a t e d  t o  be n e a r e r  18% under cond i t ions  of a p r o t e c t i v e  atmosphere. 
b e n e f i t s  w e r e  observed wi th  t h e  o t h e r  binary aluminum-base a l l o y s ;  t h e  la tes t  r e s u l t s  
are shown i n  Table VIII. 
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